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PREFACE

This test series was conducted for the Office, Chief of Engineers, IS
Army, by personnel of the Structural Mechanics Division (SMD), Structures
Laboratory (SL), US Army Engineer Waterways Experiment Station (WES), as
part of Project No. UAT62719ATUO, Task Area AO, Work Unit 023, "Deliberate
Hardened Facilities."

Mr.

Reid S. Cummins and Mr. John Parrette, also of SMD, served as Test Engi-

David R. Coltharp, SMD, was Project Manager for the test series.
Mr.
neer and Safety Engineer, respectively. The tests were conducted in March
and April of 1982 at Camp Shelby, Miss., with the invaluable assistance of
COL T. E. Stewart and LTC G. W. Boleware.

This report was prepared under the general supervision of Mr. Bryant
Mather, Chief, SL; Mr. J. T. Ballard, Assistant Chief, SL; and Dr. Jimmy P.
Balsara, Chief, SMD. This report was prepared by Mr. Coltharp and was edited
by Ms. Janean C. Shirley, WES Information Products Division.

Director of WES was COL Allen F. Grum, USA.

Robert W. Whalin.

Technical Director was
Dr.
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CONVERSION FACTORS, NON-SI TO SI (METRIC) UNITS OF MEASUREMENT

Non-~SI units of measurement used in this report can be converted to SI (met-

ric) units as follows:

Multiply By To Obtain
feat 0.3048 metres
inches 2.54 centimetres
kips (force) per square inch 6.894757 megapascals
pounds (force) per square inch 6.894757 kilopascals
pounds (mass) 0.4535924 kilograms
pounds (mass) per cubic inch 27.6799 grams per cubic centimetre
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EXPLOSIVE TESTS ON REINFORCED CONCRETE WALLS
AT CAMP SHELBY, MISSISSIPPI

PART I: INTRODUCTION

Background

1. Because of a lack of data, design procedures for aboveground rein-
forced concrete facilities to resist the effects of near-miss detonations of
conventional bombs rely on several conservative assumptions. As a result,
these semihardened facilities are designed with overly conservative and expen-
sive steel reinforcement.

2. The US Army Engineer Waterways Experiment Station (WES) is conduct-
ing a long-term research program on deliberate hardened facilities to evaluate
several aspects of the response of both aboveground and buried structures to
near-miss explosions. In support of this program, a series of five tests was
conducted in March and April of 1982 at Camp Shelby, Mississippi. An existing
structure, which was built and previously tested in conjunction with another
WES program, was used for the tests. Although there was existing damage to
the structure from the previous test, it was slight and was judged insignifi-

cant in affecting the results of the planned tests.

ObJectives

3. The objectives of the tests were twofold: (a) to gather data on the
loading >f the structure wall from nearby surface detonations of bare and
cased TNT and bare C-4 charges, and (b) to determine the difference in wall
response from cased and uncased charges.
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PART II: TEST PROCEDURES

Approach

4. An existing, slightly damaged, reinforced concrete structure, con-
sisting of a front test wall, side support walls, a floor slab, and a roof
slab was used for the test. Three tests were conducted against the front
wall using bare and cased TNT and bare C-U4 charges. The wall was instru-

mented to gather interface airblast loading data. In the last two tests,

bare and cased TNT charges were tested against the side support walls. No

instrumentation was used in these tests. High-speed cameras were used in
all tests to observe wall response and to record fragment velocities. Pre-
test and posttest still photographs were taken of the test setup, and wall
damage and posttest measurements were made of the extent of wall damage and
the deflection of the wall.

Test Structure

5. Sketches of structural details are given in Figure 1. The vertical
steel reinforcement in the front wall consisted of No. 8 bars on 6-in.* cen-
ters for the interior face and No. Y bars on 12-in. centers for the outside
face. Therefore, the reinforcement ratio was 0.9 percent in the interior face
and 0.11 percent in the exterior face. Horizontal reinforcement consisted of
No. 4 bars on 9-in. centers in each face for a 0.17-percent ratio in each
face. For the side wall, vertical reinforcement consisted of No. 8 bars on
8-in. centers for the exterior face (for a ratio of 0.67 percent) and No. 9
bars on 7-in. cen*ers for the interior face (for a ratio of 0.98 percent).
Horizontal reinforcement consisted of No. 5 bars on 11-in. centers (0.2 per-
cent) in each face. There was a cold joint at the junction of the floor and
walls, and dowels extended across this joint to tie the two members together
structurally. The dowels consisted of No. 8 bars on 8-in. centers in the
exterior face (0.67 percent) and No. 8 bars on 11-in. centers in the interior

face (0.76 percent).

* A table of factors for converting non-SI to SI (metric) units of measure-
ment is presented on page 3.
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iizi 6. During construction, four steel reinforcement bar samples were taken
5,:5 for each size bar and tested for yield and ultimate strength. The results are
¥ given in Table 1. The steel was specified as American Society for Testing and
2 Materials (ASTM) A 615-68, Grade 60. Concrete samples were also taken during
E%E construction of the walls. The average 28-day compressive strength of six
:35 test cylinders was 4,321 psi. The walls were cast on 28 October 1982. After
b completion of the structure, an impact test was conducted to determine the
ol natural frequency and mode shapes of the wall. The fundamental frequency was
:&T determined to be U48.6 Hz. As mentioned, the structure was constructed for
'EE?E another test program and was tested initially on 18 December 1981. This test
i left the front wall structurally sound with a maximum permanent deflection of
e only 0.05 in. and with numerous hairline cracks, as shown in Figure 2 (after
ﬁéﬁ highlighting with a black felt-tipped marker). The lines shown painted on the
‘ﬁi& wall are 2-ft squares. No damage resulted to the side walls.

DR Test Setup
b

2 7. The tests were conducted from 31 March through 2 April 1982. The
[~ setup for the tests is shown in Figure 3, and the test parameters are listed
Y in Table 2.
:%;i Explosive Charges
b
. 8. Five charges were fabricated; four were made using cast TNT (density
“33 of approximately 0.057 1b/in.3) and one was made with hand-packed composition
:;S C-4 (density 0.057 lb/in.3). All charges were cylindrical with a length of
:?5 30 in. and a diameter of 12.75 in. for a charge weight of approximately

Yfﬁ 218.5 1b. The C-4 charge and two of the TNT charges were bare. The other two
;:_; TNT charges wWwere cast in a steel tube with an inside diameter of 12.75 in. and
fﬁ:& a wall thickness of 0.25 in. The tubes were fabricated from a structural
Eﬁrf steel plate by cold rolling to the proper dimensions and welding a seam along
?ﬂf: the length. A circular plate was then welded to the bottom, and lifting lugs
ﬁ:? were placed on each side near the top. The charges had booster wells cast or
:f;; fFormed into the center of the top end. A small amount of C-4 was placed in
*_i the well ard mounded to form a place for insertion of the blasting cap. All
::4 charses weore detonated at the center top using a Reynold's Industries RP83

Eai datorator,

T

(ig 6
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Instrumentation and Photography

9. Instrumentation for the first three tests consisted of airblast
gages placed in the front wall of the structure and an airblast gage placed
flush with the ground surface. The gage layout is shown in Figure 4, All
gages were Kulite Corporation Model No. HKS-375. Table 3 gives the pertinent
data concerning the gages used in the test. All gages were mounted so that
the gage face was flush with the exterior face of the wall or with the ground
surface.

10. On Tests 1, 2, 4, and 5 a single high-speed camera with a frame
rate of 4,000 frames/sec was used to view the rear of the test wall. For Test
3, an additional camera with a frame rate of 8,000 frames/sec was used to view
a fragment witness panel. 5till photographs were used to document pretest and

posttest conditions.
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PART III: TEST RESULTS

Airblast

11. Appendix A gives the pressure-time histories as digitized and
plotted from the analog data for each of the pressure gages in the first
three tests. Pertinent information taken from these records is given in
Table 4. Figures 5 through 7 are comparative plots of the peak pressure,
impulse, and time of arrival for each test. Data from several gages are
missing due to gage malfunction or erroneous readings. As can be seen
from the results, peak pressures occurred near the bottom of the wall and

were on the order of 4,300 psi.

Fragment Velocity

12. High-speed cameras were used to view a fragment witness panel in
Test 3 in an attempt to obtain data on the velocities of case fragments. How-
ever, due to unforeseen technical problems, the camera did not begin filming

until after the detonation, and no data were obtained.

Structural Response

13. Figures 8 through 29 show the pretest and posttest conditions of
the walls. After each of the tests, the maximum permanent deflection of the
walls and the extent of major spalling or breaching were measured. The
results were:

a. Test 1. The test resulted in no measurable permanent deflec-

tion. Some of the existing hairline cracks were widened and a
few new cracks formed on the rear of the wall (Figure 11). The
front of the wall saw no damage other than some of the existing
4 in. of Styrofoam insulation being blown off, and blackening
of the wall surface (Figure 10). There was a noticeable crack
formed in both of the side walls (Figure 12a and b).

b. Test 2. Spalling occurred on both the front and back of the
wall. The spall on the front wall was approximately 10 ft wide
and 3 ft high at the highest point (Figures 4 and 5); on the
rear, it was approximately 6 ft wide and 2 to 3 ft high (Fig-
ares 16 and 17). The spall penetrated no deeper than the depth
of the inside of the rebars {(approximately U4 in.) on both the
front and back. There was a U- to 5-ft-high large crack at the




a 2-in. permanent deflection on the No. 8 dowels on the rear

§ bottom of the wall near both side walls (Figure 18). There was
% face near the bottom of the wall.

Test 3. This test resulted in a breach of the wall (Fig-

ure 21). Dimensions of the breach on the front of the wall

were approximately 13 by 4 ft. Numerous fragment impacts were

noted along the bottom of the wall in and near the breached

k: area. The limit of spalling and breaching on the rear of the
wall extended 16 ft across the bottom and approximately 6 ft up

o the wall (Figure 22). The No. 8 dowels and vertical rebars

were bent outward. The ends of the dowels had a permanent de-

flection of 24 in.

K . Test 4. There was no spalling on either side of the wall ex-
cept near the free edge due to edge effect. There was major

3? cracking of the outside of the wall (Figure 24) with a perma-

nent deflection of the wall surface of approximately 0.5 in.

inward. The inside of the wall was cracked (Figure 25) and the

f bottom of the wall (at the cold joint) was deflected 4.5 in.

3 (Figure 26).

[Ie]

P
Q

;J e. Test 5. The outside of the wall was spalled and cratered by
B the blast and fragment impact to a depth of approximately 5 in.
ol (Figure 28). The width and height of the area of exposed rebar
< was 6 by 2.5 ft. Numerous fragment impacts were noted along
N the bottom of the wall. On the inside of the wall, spalling
j had exposed the rebar for the entire 9-ft width of the wall and
2| for a height of approximately 3 ft (Figure 29). The ends of
the dowels were exposed and bent outward approximately 12 in.
. from the wall. Near the bottom of the wall the dowels appeared
is to have a permanent deflection of around 4 in. The concrete
A was spalled to a depth of approximately 9 in. and the remaining
{ 4 in. of concrete was crushed to the extent that a hole could
o easily be opened through the wall using a metal rod.
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W PART IV: ANALYSIS OF RESULTS

oot
K Blast Loading

§ ! 14. Analysis of the test results indicated the following points with

% respect to blast loading:

%ﬂ a. Comparison of the peak pressures shows that, as expected, the

greatest pressures existed near the bottom of the wall. Com-

s parison of the peak pressures at gage PQ1 shows extraordinary
?‘ differences between the C-4, TNT, and cased TNT charges.

N However, these differences are plausible since the gage was

) located near the angle of incidence where reflection factors

(o changed drastically. In general, no conclusions could be drawn
’ as to the relative effectiveness of the different charges by
e examination of the peak pressure data alone.
7;} b. Comparison of impulse data is also nonconclusive, with the
'}é greatest differences being in gage location PQ1.

f”Q c. The time of arrival data were the most consistent, particularly
§ - when comparing the bare TNT to the bare C-4. The Air Force

S Weapons Laboratory analyzed the data using the SEDOV similarity
o solution and concluded that the C-4 was 34 to 38 percent more
b - energetic than the TNT, and that the airblast from the bare TNT
oy was somewhat greater than that of the cased TNT (Appendix B).
- Structural Response
ol

‘ﬁﬁ
z#t 15. Analysis of test results indicates the following points with re-
;}§ spect to structural response:

! a. No comparisons can be made between Tests 2 and 3 or 1 and 3,

0Ny since the damage was cumulative. Although no damage was evi-
& dent from the first test, calculations indicate that spall

L cracks could have occurred inside the wall. Thus, comparisons
:5- of Tests 1 and 2 may be in error. However, the greater damage
iy seen in Test 2 is in agreement with the blast data, which indi-

cate that C-4 is more energetic than TNT.

.

L2

o

Comparisons between Tests 4 and 5 are the most accurate. It
is obvious that the casing has a significant effect on the
level of damage. The first three tests indicate that the blast
effects are close to the same (bare TNT being somewhat
greater). Thus the increase in damage is probably due to the
concentration of energy from the impact of the case fragments
in a narrow band near the bottom of the wall, It should be
noted that although the damage to the walls was significantly
different, structurally the walls were probably similar with
neither being capable of carrying much load. (In fact, after
the last test, a bulldozer was able to tip the total structure,
making it so unstable that it fell down.) The damage from

o) SASRRRRE! | X
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-
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Test 4 indicates that just a slight increase in the loading
#‘ (such as from the impact of the case fragments) could probably

‘&5 create the damage seen in Test 5.

L c. In all tests except Test 1, the major damage was confined to
oy the region near the bottom center of the wall. It was also

‘¢b here that the largest deflections occurred. As with previous

;iﬁ tests of this type, the failure mechanism seems to be one of
X direct shear at the support or in some cases the cold joint.

"Q Test 4 shows the direct shear type of failure most dramati-

cally, and also indicates that part of the wall may actually
, suffer spall cracks inside the wall and then be failing in
K direct shear.
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PART V: CONCLUSIONS

) 16. Based on the results obtained in this series of tests, the follow-

ing conclusions may be drawn:

s

a. C-U4 is more energetic than TNT. Analysis of test results indi-
cates a factor of 1.34 to 1.38.

" a

b. There is an increase in loading of the wall due to case frag-
ment impact. For Tests 4 and 5, this produced a dramatic dif-
ference in the damage.

) st "‘o)
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The failure mode for this particular type of reinforced wall
appears to be one of interior spalling followed by direct shear
- near the supports.
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2
o Table 1
N Results ot"Strenth:h Tests of Reinforcement Bars
Ly )
2 Yield Strength Ultimate Strength
> Bar Size ksi ksi
.
I No. 4 67.7 106.0
T
I No. 5 66.2 101.4
No. 6 62.6 105.0
X No. 8 63.9 . 105. 1
;D
o
Table 2
) ::3 Test Parameters
%%
1 G Test No. Charge Distance from Wall
o ==
- 1 Bare TNT 7 ft 4-1/2 in.
...I'
L 2 Bare C-4 7 ft 4-1/2 in.
L
0 3 Cased TNT 7 ft 4-1/2 in.
4 Bare TNT 5 ft 6 in,
Z:; 5 Cased TNT 5 ft 6 in.
9 ]
o]
;J Table 3
-4 Gage Information
¢
.‘l
, Gage No. Rate Pressure, psi Natural Frequercy, kHz
Iop 5,000 675
PM1 20,000 725
PM2 5,000 675
N PM3 1,000 500
PQ1 5,000 675
% PQ2 5,000 675
o PQ3 1,000 500
" PS1 5,000 675
PS2 1,000 500
‘ ::.’,'2 PS3 1,000 500
A
’l
‘fl
O\

B T G N e A e A



Maliatalnit Ak ot £oi Sk ol ot dal S A 0 A in 830 B S0 Sl aus Lon re AR gh - an -4 n ORI

Lot

-
h

P ™

-

‘BJEBP 3TQERUOTISANY 4

:. -d'-“

4:{ -:'( ‘W‘

RIS

18°€ 02°¢ LL°€ G9¢ 061 0Ll hee hGE gLe €54

16°2 06°1 L£°2 022 022 02z LIE h2s Elh 2sd

hg "L £e" 1 99°1 B3Ep ON 0E€ 0€€ 966 €06 heg 1Sd

G0°¢ 282 LL°g 0tl onl GlLL 88l L0z 6L2 £dd

thol 06°1 88°1 0LE 082 09¢ L€8 €09 Lyl 2bd

Al 68'0 20°1 08L 09.L 026 £€9'2 £26°¢ Eno‘lL L1 ®d

05°2 052 R9"2 (- 0€€ 082 €09 169 £6€ EWd

09°1 o] i1 091 05k ©3EP ON 0SH G601 %056 056 Zhd
BJEp ON e3ep ON 18°0 BjEp ON B3Ep ON 000*1L e3Ep ON elED ON gLE N L Wd

86°0 69°0 L9°0 GElL q91 oLl OLL 909°1 966°1 doI

INL Pas®) — p-) aJdeg  INL 3Je§  INL P3S®) p-) oJegd NI oJed INL PISE) - odeg  INI 94 "ON 33®eD
€ 31s9] 2 389} | 3s3] £ 3189y, 2 383] | 3sa] £ 3s9], 2 1S3, | 3s9]
Jasw ‘W] TeATJdy oasuw-1sd ‘asyndu] 1sd "aunssaag qeag
B1®Q 35eld
h a19e]

Sl AT e e = P.J-.n.-. s .-.ul‘,..-,. % % 08 P -\-\n\.\».u\n- >3 ,‘\d..*n--A-n’ AR I I 4 . .-\-) -n \.J\nvunvn T, N I.I S
2 A - \-?)J-N S & o - ' "s 4\-\ [ “ N e e d
Bl el s o T AN 0, .V LA Pt R, RARAE plon s SoSR Y V A SRR R




T 240"
1'ed 16"

Trs’ j‘

*
= T

NO. 5 e 117 C/C

12
NO. 9 e 77 C/C 2

NO. 8 © 87 C/C

LY, NO. 8 @ 11" C/C
NO. 8 @ 8" C/C

\.‘;“5 - // -

{ }
7
e

e g //
§ 7

a. Rear view of cross section showing
rebars in one of the side walls
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L. 212" NO. 4 @ 12 C/C
&
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5 b. Side view of cross section showing
. rebars for front wall

, Figure 1. Structural details
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Figure 8. Bare TNT charge in position for Test 1
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Crack pattern near bottom center rear of
wall resuiting from Test 1
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Close-up of damage to front of wall from Test 2
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Crater and wall damage from cased TNT detonation

Cased TNT charge in position for Test 3
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Close-up of breached area from Test 3

Figure 21.
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Figure 25. Damage to inside of wall from Test 4

Figure 26. Close-up of bottom of wall showing
extent of permanent deflection
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Cased TNT charge in position for Test 5

Figure 27.
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and fragment impact from the cased TNT
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APPENDIX B
COMPARISON OF TIME-OF-ARRIVAL DATA
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DEPARTMENT OF THE AIR FORCE

AIR FORCE WEAPONS LABORATORY (AFSC)
KIRTLAND AtR FORCE BASE, NM 87117

NTEDS 9 Jun 1982
DHF TESTS, April 82

Waterways Experimental Statior

1. QUESTION:

Relative energy from: Bare TNT
Bare C-4
Cased TNT

2. DISCUSSION:
Data from pressure gages was plottéd. Results are inconclusive.

TOA vs. slant range was plotted for each line of gages on the wall (PM, PQ,
PS). It was considered that the shock from the more energetic source would
arrive earlier., In all cases, the shock from the bare C-4 arrives earlier than
from the bare TNT. The difference between cased and uncased TNT is not clear
except for the PS line.

[t was considered that the data from the PS line would be more readable and
that the farthest point would be the most accurate. However, to check this
assumption the relative energy was calculated for all points using the SEDOV
similarity solution for the spherical case.

SEDOV SIMILARITY SOLUTION (SPHERICAL CASE)

APPLIED TO SHOCK ARRIVAL DATA FROM DHF TESTS

Point Slant Range Relative Energy Average
(ft) (C-4)
(TNT)
PM2 10.88 1.31 1.21
PM3 15.83 1.12
PQ1 9.97 1.44
PQ2 12.43 1.57 1.42
PQ3 16.92 1.26
PSl 14.4 1.56
PS2 16.2 1.48 1.46
PS3 19.86 1.34
AVE, 1.38
B2
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3. COMPARISON OF POINTS:

Scatter in the calculated energies was not unusually large (+ 15%).
Average comparative energy from all points indicates that C-4 is 38 percent more
energetic than TNT. The farthest point (PS3) indicates that C-4 is 34 percent
b more energetic than TNT.

S

4. CONCLUSION:

s 2 s & 4 A &

C-4 is more energetic than TNT. A value of 34 to 38 percent appears

; ¢redible.

o

o On the average, the airblast from uncased TNT appears to be higher than
L from cased TNT.
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